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Abstract 
Atomic and electronic structure of LSMO-based composites with carbon 
nanotubes were studied by means of density functional theory with respect to 
the termination of LSMO surface. The deformation of the tubes caused by the 
lattice mismatch with the substrate leads to a major change in their electronic 
structure. The surface terminated with Mn-O layer provides much stronger 
interaction with carbon nanotubes than Sr-O terminated one does. The 
interaction with transition metal atoms is essential for spin polarization of the 
nanotube while no spin injection was observed for Sr-O-supported tubes. 
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1. Introduction 
Half-metallic La0.7Sr0.3MnO3 (LSMO) is widely used in spintronic and 
spincaloritronic devices due to its unique properties like half-metallic nature and 
high Curie temperature (Тс=370К, the highest among substituted lanthanum 
manganites) [1–5]. Nanosized materials are of particular interest since their usage 
allows one to significantly increase the efficiency of the devices. Moreover, 
material’s properties can be altered drastically when turning from the bulk 
material to a nanostate [6] since the high surface area along with structural 
defects leads to the increasing influence of morphology and grain boundaries in 
comparison with conventional form of LSMO [7].  
Recently the composites of LSMO with various carbon nanostructures such as 
fullerenes, graphene zig-zag nanoribbons and multiwall CNTs were studied by 
several scientific groups [8–12]. La0.8Sr0.2MnO3 nanoparticle-decorated carbon 
nanotubes demonstrate metal-insulator transition and paramagnetic to 
superparamagnetic phase transition both rising from the presence of LSMO 
nanoparticles [8]. Anisotropic nature of magnetic field-magnetization curve and 
high coercivity allows one to use carbon nanotubes fabricated on the 
La0.66Sr0.33MnO3 as  constituting fragments of spintronic nanodevices [9]. Another 
application of LSMO/СNT composites is electrocatalysis, since they can act as 
cathode catalysts for oxygen reduction [10].  
It was found that exchange interaction with LSMO support causes large spin 
polarization of graphene zig-zag nanoribbons, whereas carbon nanotubes remain 
to be slightly spin-polarized. Devices of multiwall carbon nanotube between two 
half-metallic LSMO electrodes demonstrate electric conductance increasing at 
lower temperatures [11] along with high spin polarization of electrodes and the 
resistance for spin injection [12]. These experimental results were also supported 
by density functional theory calculations.  
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The special kind of magnetic ordering in C60 molecule rising from the interaction 
with manganese atoms was found to be responsible for binding between 
fullerene and LSMO and complex magnetic exchange interaction [13]. One can 
speculate that binding with manganese should affect electronic structure of 
carbon nanotubes deposited on LSMO surface as well. Previous studies of zigzag 
and armchair CNTs deposited on ferromagnetic substrates demonstrated their 
significant spin polarization due to the interaction with 3d metals [14,15]. One 
could expect even higher values of spin polarization for CNT caused by 
interactions with half-metallic material. The main goal of this study is to reveal 
the role of both Mn and Sr ions in determination of the spin-related properties of 
LSMO-based heterostructures.  
 
2. Computational methods 
The first-principles density functional theory calculations of LSMO/CNT 
composites were performed using VASP code [16–19]. GGA PBE functional [20,21] 
with taking into account Hubbard corrections (GGA+U) [22,23] and projector 
augmented wave [24,25] method (PAW) were implemented . D3 Grimme 
correction of weak dispersion interactions [26] was used in order to describe the 
interaction between nanotubes and LSMO substrate correctly. The U=2 and J=0.7 
eV parameters for Mn atoms were adopted from earlier calculations of LSMO and 
carefully tested with respect to the lattice parameters and electronic properties 
of both bulk and slab LSMO [27–29]. Full geometry optimization was performed 
until the forces acting on atoms were less than 0.01 eV/Å. 
First, the unit cell of bulk LSMO was optimized, and the a translation vector is 
found to be equal to 3.886 Å which is in a good agreement with experimental 
data (a=3.876 Å [30] and a=3.87 Å [31]) and previous theoretical calculations 
(a=3.89 Å) [27]. Then, LSMO(001) surface was constructed by cutting it along the 
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corresponding crystallographic plane. Both bulk LSMO and the corresponding slab 
were found to be half-metallic, in agreement with TMR and photoemission 
spectroscopy data [32,33]. 
Depending on the synthesis conditions, the slab of LSMO can be terminated by 
either Sr-O or Mn-O layer (see Figure 1). We suppose it’s worth considering both 
surfaces since, as was shown in our previous study of LSMO/C60 composites [13], 
the interaction between carbon conjugated structure and transition metal atoms 
is crucial for the formation of composite and responsible for its properties. Thus, 
one can expect much stronger interaction with Mn-O terminated surface and only 
a weak van-der-Waals interaction with Sr-O terminated one.  
 
Figure 1. Top and side views of Mn-O and Sr-O terminated LSMO slab 
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Two different supercells of LSMO slab were used: 8×1 (a=31.09 Å, b=3.88 Å) for 
CNT(9,0) and 6×2 (a= 23.32 Å, b=7.77 Å) for CNT(5,5). However, CNT(9,0) was still 
contracted by ~9% and CNT(5,5) was stretched by ~5% which changes their 
properties significantly (see Section 3.1). Neighbouring nanotubes must be 
located as far as possible from each other, so LSMO slabs consisted of 8 and 6 unit 
cells, respectively, in direction normal to the tube’s axis, which were the 
minimum values for providing both correct description and computational 
efficiency. We suppose that mainly the topmost layer should be responsible for 
the interface properties so one can use an oversimplified model of 1 unit cell 
along c direction (the thickness of the slab is then 9.81 Å) without any cost at 
computational accuracy while considerably increasing the speed of calculations 
[34,35]. Artificial interactions in periodic boundary conditions were avoided by 
setting the vacuum interval in direction normal to the interface so the c 
translation vector was equal to 30 Å. The Mönkhorst-Pack [36] k-point Brilloin 
sampling was used. The k-point grid contained 1×6×1 and 1×2×1 points along a, b 
and c directions for different supercells, respectively. The energy cut-off was 
specified as 450 eV in all calculations.  
Energy of bonding between nanotubes and LSMO slab was estimated as: 
                     (1) 
where Ec, ENT and ELSMO are total energies of composite, nanotube and LSMO slab, 
respectively. Charges and magnetic moments were estimated according to the 
Bader charge analysis [31–33]. 
 
3. Results and Discussion 
3.1. Interaction with Sr-O terminated surface 
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Three CNT(9,0)/LSMO(Sr-O) configurations (Figure 2) were considered. The first 
Sr(2) configuration (Sr ion coordinated to C-C bond) is presented in Figure 2a. 
The second Sr(3) configuration was originally characterized by Sr ion coordinated 
to carbon hexagon but was slightly displaced during the optimization resulting in 
coordination to C3 fragment of CNT(9,0) (Figure 2b). The third CNT(9,0) O(
6-2) 
configuration with two oxygen ions coordinated to 6 and 2 positions, 
respectively, is presented in Figure 2c. As it was previously mentioned, the 
difference between lattice parameter of LSMO and CNT(9,0) along a direction is 
quite large and results in 9% contraction of the CNT(9,0).  
a – Sr(2), b – Sr(3), c – О(6-2) 
Figure 2. Different configurations of CNT(9,0)/LSMO(Sr-O) nanocomposites. For the sake of 
better representation, the upper part of tubes is cut. 
Similarly to the interfaces of CNTs with ferromagnetic substrates of Co(0001) and 
Ni(111) [14,15], armchair (5,5) carbon nanotube being very close in diameter to 
CNT(9,0) (6,97 and 7,05 Å, respectively) was also considered. Since CNT(5,5) and 
CNT(9,0) have close diameters, the Sr(6-2) configuration (Figure 3) was 
considered for CNT(5,5)/LSMO(Sr-O) heterostructure following the energetic 
stability of Sr(6) configuration of CNT(9,0)/LSMO(Sr-O). The CNT (5,5) slab is 
stretched by 5% because of mismatch with the structural parameters of LSMO. 
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The binding energies and shortest bond lengths between CNT and LSMO 
fragments for CNT-based heterostructures are presented in Table 1.  
 
Figure 3. Structure of CNT(5,5)/LSMO(Sr-O) nanocomposite. For the sake of better 
representation, the upper part of the tube is cut. 
Table 1. Binding energies and bond lengths of CNT(9,0)/LSMO(Sr-O) and CNT(5,5)/LSMO(Sr-O) 
heterostructures 
Composite 
CNT(9,0)/LSMO 
CNT(5,5)/LSMO 
Sr(3) О(6-2) Sr(2) 
Binding energy, eV -0.5663 -0.3468 1.0213 -2.0710 
Bond distance, Å 2.830 3.023 2.898 3.123 
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Figure 4. a) Density of states of CNT(9,0)/LSMO(Sr-O) heterostructure. Black and blue lines 
correspond to the total and partial LSMO DOSes, respectively. b) Spatial distribution of spin 
density in CNT(5,5)/LSMO(Sr-O) heterostructure. Yellow and blue areas correspond to spin-up 
and spin-down density, respectively. 
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Figure 5. Densities of states for CNT(9,0) Blue, red, green and black lines correspond to the 
relaxed CNT’s structure, strained CNT structure with LSMO translation vector adopted, 
freestanding CNT at the same geometry as in the composite, and partial density of states the 
nanotube in CNT/LSMO(Sr-O) composite, respectively. 
 
Figure 6. Densities of states for CNT(5,5) Blue, red, green and black lines correspond to the 
relaxed CNT’s structure, strained CNT structure with LSMO translation vector adopted, 
freestanding CNT at the same geometry as in the composite, and partial density of states the 
nanotube in CNT/LSMO(Sr-O) composite, respectively. 
 
Values of binding energies and bond distances witness the presence of van der 
Waals interactions between CNTs and LSMO slab (Table 1). Sr(3)  configuration is 
energetically favorable among three CNT(9,0)/LSMO(Sr-O) composites with -
0.5663 eV binding energy per supercell (which corresponds to -0.016 eV/carbon 
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atom). Strontium atom is displaced from the center of carbon hexagon to attain 
the 3 site changing Sr(6) configuration to Sr(3), so the bond length becomes 
shorter (see Figure 2b). However, Sr(2) configuration with comparable bond 
distance is not stable because of positive binding energy (1.0213 eV or 0.028 eV 
per carbon atom).  
The Sr(6-2) configuration of CNT(5,5)/LSMO(Sr-O) heterostructure demonstrates 
lower binding energy (-2.0710 eV per unit cell or -0.035 eV per carbon atom). No 
displacement was observed for this configuration.  
Since CNT(9,0) and CNT(5,5) have almost the same diameters and they do not 
create strong covalent bonds with LSMO support, the visible differences in the 
binding energies of the nanotubes with the LSMO support can be caused by 
different types and values of structural stress caused by crystal lattice mismatch. 
The analysis of composites’ electronic structure (Figure 4) shows that it remains 
almost the same as for the bare LSMO in both cases. Although composites are 
almost totally spin polarized, it can be seen that this is due to LSMO slab while 
nanotubes’ spin-up and spin-down partial densities of states are of an equal 
intensity (spin polarization values are ~1.7% and ~0.3% for CNT(5,5) and CNT(9,0), 
respectively, the absence of visible spin polarization is also confirmed by the 
spatial spin density distribution).  
To study the influence of the associated strain, the free-standing relaxed and 
stretched (the same stress as for CNTs on LSMO) CNT(9,0) and CNT(5,5) were 
chosen for the calculations. It should be noticed that stretching and contraction of 
bare nanotubes leads to the rearrangement of electron density, then unoccupied 
bands are filled and the Fermi level changes (Figure 5, 6). Similar effect is 
observed when they interact with LSMO. The strain leads to appearance of a 
narrow band gap (0.2 eV) and significant shift of the Fermi level in the DOS of 
CNT(5,5) (Figure 6). Interaction of CNT(5,5) with LSMO fragment leads to the 
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visible redistribution of peak intensities of the DOS with low spin polarization at 
Fermi level (1.7%). The same effects are detected for CNT(9,0) as well. The 
contraction leads to the visible shift of Fermi level, and interaction with LSMO 
causes further shift and smearing of the peaks. The spin polarization of the 
CNT(9,0) is even smaller than for CNT(5,5) and is equal to 0.3%. The Bader charge 
analysis [37–39] shows that total tube charges are equal to 0.4 and 0.8 electron 
charges for CNT(9,0)/LSMO and CNT(5,5)/LSMO, respectively. In order to shed the 
light on the nature of peaks shift and smearing when interacting with the 
substrate, single point calculation was performed for the freestanding nanotubes 
fixed at the composite geometry. Visible lateral and normal distortion of the 
tubes in comparison with their initial structure, though being either contracted or 
stretched (see Figure 4), leads to the abovementioned smearing of the peaks. 
Densities of states of these structures are very similar to the PDOS of tubes in the 
composite. However, it can be clearly seen that interaction with the substrate 
shifts them to the lower energies. Hence, there is considerable interaction 
between the nanotubes and LSMO slab leading to the changes in their electronic 
structure. However, most of these changes can still be attributed to the CNTs 
deformation. Even though the substrate changes the electronic structure of the 
nanotubes significantly, there is no difference between spin-up and spin-down 
density, in contrast to ferromagnetic Со(0001) and Ni(111) surfaces [14,15]. The 
electronic structure of LSMO is also virtually the same as for pristine slab 
confirming the presence of van-der-Waals interaction between Sr-O terminated 
LSMO and carbon nanotubes.  
3.2. Interaction with Mn-O terminated surface 
To study the effects of structural deformation caused by Mn-O terminated 
surface on the electronic structure of CNT(5,5), a 6×2×1 supercell (a= 23.32 Å, 
b=7.77 Å, c=30.00 Å) of LSMO slab was used with 1×2×1 k-points along a, b and c 
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direction. Three configurations of CNT(5,5)/LSMO(Mn-O) composite (Figure 6) 
were considered, namely, Mn(6-2) with Mn atoms coordinated to carbon 
hexagon and C-C bond (Figure 7a); O(4) with oxygen atom being slightly 
displaced from the center of hexagon (Figure 7b); and O(6-2) configuration with 
oxygen atoms coordinated to 6 and 2 positions (Figure 7c).  
 
a – Mn(6-2), b – O(4), c – O(6-2) 
Figure 7. a) Mn(6-2), b) O(4) and O(6-2) CNT(5,5)/LSMO(Mn-O) configurations. For the sake of 
better representation, the upper part of the tube was cut. 
The calculations revealed O(4) configuration as energetically favorable (Table 2) 
even though it demonstrates larger bond distance in comparison with Mn(6-2) 
and O(6-2) ones. This may be explained in terms of stronger interactions between 
nanotube carbon -system and manganese ions (see Figure 7 and Figure 8). The 
contact area is mainly presented by the hexagons parallel to the tube axis. Both 
Mn(6-2) and O(6 - 2) composites are characterized by carbon bonds above the 
Mn atom. Mn(6-2) has 2 carbon atoms bonded to one Mn per unit cell, and O(6 -
 2) has 4 carbon atoms bonded to two manganese atoms. In contrast to that, the 
unit cell of O(4) has 4 carbon atoms bonded to 4 manganese atoms. Moreover, 
not only unstrained hexagons in direct contact with substrate are involved into 
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the interaction with the slab, but the hexagons next to them are still affected by 
the substrate. It can be seen from Figure 7 that there is no overlapping of these 
hexagons with Mn atoms for Mn(6-2) and O(6-2), in contrast to O(4) 
configuration. Each manganese atom in contact area is then coordinated by two 
carbon hexagons enhancing the bonding between LSMO slab and the nanotube. 
The patterns of spin density distribution (Figure 8) support this suggestion: one 
can see a negative spin polarization of carbon atoms mostly affected by 
manganese and positive spin polarizations of the atoms next to them, which is 
very similar to what was observed for buckminsterfullerene deposited on Mn-O 
terminated LSMO surface [13].  
Table 2. Properties of CNT(5,5)/LSMO(Mn-O) nanocomposite 
Composite 
configuration 
CNT(5,5)/LSMO 
Mn(6-2)  O(4)  O(6-2)  
Binding energy, eV -1,25 -1,41 -1,23 
Bond distance, Å 2,53 2,70 2,65 
Charge of the tube, е 0,25 0,28 0,24 
Magnetic moment of 
the tube, µВ 
0,15 0,12 0,13 
Spin polarization of the 
tube at the Fermi 
level, % 
-12,8 -44,2 -12,6 
 
O(4) configuration possesses slightly larger charge being transferred to the tube 
and much larger spin polarization at the Fermi level, in contrast to both Sr-O 
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terminated surface and other two configurations (see Table 2). The magnetic 
moment on the tube is, however, slightly smaller than others. This is obviously 
caused by the effect mentioned above: there are both positively and negatively 
spin-polarized carbon atoms, and the stronger the interaction between 
manganese and carbon atoms, the more prominent magnetic ordering, which was 
previously found for carbon nanostructures on LSMO(Mn-O) surface [13]. Since 
the O(4) is the most symmetric configuration with respect to the Mn ions, 
positive and negative spin polarization partially compensate each other. However, 
one could have noticed that binding energy for the CNT(5,5) on LSMO(Mn-O) 
surface are by ~0.66 eV smaller than that for CNT(5,5) on LSMO(Sr-O) surface 
even though the interactions between composite fragments are stronger in the 
former case. This is mainly caused by the major deformation of the tubes when 
forming these composites (see Figure 8). The energy of nanotube’s deformation 
was estimated to vary from 0.4 to 0.5 depending on the configuration, and, thus, 
was supposed to be responsible for the difference in binding energy.  
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Figure 7. Spatial spin density distribution in CNT(5,5)/LSMO(Mn-O) nanocomposites. Yellow and 
blue areas correspond to spin-up and spin-down density, respectively. 
4. Conclusions 
It was found that regardless major deformations of carbon nanotubes atomic 
structures caused by lattice mismatch with LSMO substrate, the formation of 
CNT(9,0)/LSMO and CNT(5,5)/LSMO heterostructures is energetically favorable. 
The interactions of CNT(9,0) and CNT(5,5) with LSMO(Sr-O) slab change noticeably 
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the electronic structure of the carbon nanotubes mainly  due to  the structural 
deformations caused by lattice mismatch. The van-der-Waals interactions are 
responsible for CNT and LSMO fragments binding, which keeps the LSMO 
fragment electronic subsystem intact. In contrast to the Sr-O terminated surface, 
electronic structure calculations reveal visible interactions between CNT(5,5) and 
Mn-O terminated LSMO. Overlapping between carbon and manganese atoms 
electronic states plays a key role in composite formation, in agreement with the 
results obtained for C60 [13].  
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